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The Detectability of Earth’s Biosignatures
Across Time
Enric Palle
Abstract Over the past two decades, enormous advances in the detection of ex-
oplanets have taken place. Currently, we have discovered hundreds of earth-sized
planets, several of them within the habitable zone of their star. In the coming years,
the efforts will concentrate in the characterization of these planets and their atmo-
spheres to try to detect the presence of biosignatures. However, even if we discov-
ered a second Earth, it is very unlikely that it would present a stage of evolution
similar to the present-day Earth. Our planet has been far from static since its forma-
tion about 4.5 Ga ago; on the contrary, during this time, it has undergone multiple
changes in its atmospheric composition, its temperature structure, its continental
distribution, and even changes in the forms of life that inhabit it. All these changes
have affected the global properties of Earth as seen from an astronomical distance.
Thus, it is of interest not only to characterize the observables of the Earth as it is
today, but also at different epochs. Here we review the detectability of the Earth’s
globally-averaged properties over time. This includes atmospheric composition and
biosignatures, and surface properties that can be interpreted as sings of habitability
(bioclues). The resulting picture is that truly unambiguous biosignatures are only
detectable for about 1/4 of the Earth’s history. The rest of the time we rely on de-
tectable bioclues that can only establish an statistical likelihood for the presence of
life on a given planet.
Introduction: The Earth in Time
In the last few years, we have been able to discover several planets in the super-
Earth mass range (e.g Udry et al. 2007; Charbonneau et al. 2009; Pepe et al. 2011;
Borucki et al. 2012), some of them lying within, or close to, the habitable zone
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of their stars (e.g. Borucki et al. 2012; Barclay et al. 2013; Anglada-Escude´ et al.
2013). Even some Earth and Moon-sized planets have been recently announced
(Fressin et al. 2012; Muirhead et al. 2012; Gilliland et al. 2013; Borucki et al. 2013),
and this number is expected to increase in the future. In fact, early statistics
have pointed out that around 62% of the Milky Way’s stars might host a super-
Earth (Cassan et al. 2012), while studies from NASA’s Kepler mission indicate
that about 16.5% of stars have at least one Earth-size planet with orbital peri-
ods up to 85 days (Fressin et al. 2013). Particularly interesting are the discover-
ies of rocky planet around M-type stars (Anglada-Escude´ et al. 2016), (Gillon et al.
2017), which due to a better planet/star contrast ratio offer the possibility of ex-
ploring their atmospheres in the coming years. Without a doubt, the possibility
of finding life will drive the characterization of rocky exoplanets over the coming
decades. Still, the search for a truly ”earth-like” planet would imply multiple envi-
ronmental habitats, the presence of a sizeable atmosphere and complex ecosystems
(Schulze-Makuch and Guinan 2016), and the full enterprise might not be straight-
forward.
Because directly imaged extrasolar planets are unlikely to be spatially-resolved,
we will have all the planet’s information collapsed in a single source of light. Thus,
disk-averaged views of Earth are one of the best way to understand what kind of
information one can expect from such type of observations of an Earth analogue.
Theoretically, with direct photons from the visible and thermal infrared, and de-
pending on the particular cases, we can characterize a planet in terms of its size,
albedo, and, as will be discussed in this paper, its atmospheric gas constituents, to-
tal atmospheric column density, clouds, surface properties, land and ocean areas,
general habitability, and the possible presence of signs of life. At higher signal-to-
noise ratios we will also be able to measure rotation period, weather variability, the
presence of land plants, and seasons (Va´zquez et al. 2010a).
However, even if we discovered a second Earth, it is very unlikely that it would
present a stage of evolution similar to the present-day Earth. The Earth has been far
from static since its formation about 4.5 Ga ago. On the contrary, during this time,
it has undergone multiple changes in its atmospheric composition, its temperature
structure, its continental distribution, and even changes in the dominant forms of
life that inhabit it. All these changes have affected the global properties of Earth as
seen from an astronomical distance. Thus, it is of interest not only to characterize the
observables of the Earth as it is today, but also at different epochs (Kaltenegger et al.
2007; Sanroma´ and Palle´ 2012).
Here we focus on the detectability of its globally-averaged properties over time,
without describing the complex underlying geological and biological evolution un-
derneath. For more information on these aspects, the reader is referred to the com-
plementary Olsen et al., chapter in this volume.
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The Hadean (4.6-4.0 Ga ago)
The Hadean eon is marked by a post-primary-accretion cataclysmic spike in the
number of impacts, commonly referred to as the late heavy bombardment (LHB
(Gomes et al. 2005)), and later (about 4.3 Ga ago) the formation of the Earth’s
oceans (Abe and Matsui 1988). At the first stages of planetary formation the earth’s
surface was a molten layer of rock. No crustal rocks are known to have survived
from the period 4.55-4.03Ga (Bowring and Williams 1999), prior to the Late Heavy
Bombardment, although analysis of detrital zircons suggest that continental crust
and oceans were present on the early Earth as early as 4.4 Ga ago (Mojzsis et al.
(2001); Wilde et al. (2001)).
The Earth’s secondary (outgasing) atmosphere was produced during the Hadean
eon. The main constituent being Nitrogen, with substantially larger amounts than
present day values of water vapor, CO2, CH4 ad NH3 (Kasting 1993a; Tian et al.
2005), althought the exact amounts and their variability in time remain under de-
bate. Early in the Hadean period H2 and He were also present in the atmosphere,
but quickly lost due to atmospheric escape. Nitrogen is still the major component of
the present day atmosphere, and it atmospheric abundance is regulated by the life’s
demands in terms of nutrients (Stu¨eken 2016). Although there are some indications
that the partial pressure of this gas may have changed over the course of Earth’s his-
tory, it’s overall abundance remains relatively stable (Stu¨eken et al. 2016). Figure 2
shows the detectable atmospheric spectral features of Earth along its evolution.
Fig. 1 Global views of the Earth’s continental distribution during the Late Cambrian (500 Ma
ago; top left), the Mississippian (340 Ma ago; top right), the Late Triassic (230 Ma ago; bottom
left), and the Late Cretaceous (90 Ma ago; bottom right). Courtesy: Ron Blakey, Colorado Plateau
Geosystems Inc.
The LHB is generally regarded as a sterilizing mechanism if life ever arose in the
planet during this period, although some authors have argued that there is no plausi-
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ble situation in which the habitable zone was fully sterilized on Earth, at least since
the termination of primary accretion of the planets and the postulated impact origin
of the Moon (Abramov and Mojzsis 2009). In fact, organic molecules on the early
Earth may have arisen from impact syntheses of bolides colliding in the Hadean
oceans (Furukawa et al. 2009). However, lacking so far scientific evidence of life,
the Earth is considered uninhabited during the Hadean, which carries an implicit
lack of observable biosignatures.
The Archean (4.0-2.5 Ga ago)
It was during the Archean eon that the Earth’s magentic field appeared some 3.5-4
billion years ago (Tarduno et al. 2015). It’s presence prevented the planet’s atmo-
sphere from being stripped away, as the solar wind was 100 times larger than present
day values (Tarduno et al. 2010). It was also during this period that plate building
blocks known as cratons, which are essentially giant rock cores, started to come to-
gether and rise to the surface (Kamber 2015). There’s evidence of two cratons dated
back to as much as 3.5 billion years ago, forming the tiny continent of Vaalbara.
It is a supercontinent simply because it was all alone on our planet - any explorers
visiting Earth would have seen a single brownish dot against all the blue. Another
such craton, Ur, formed roughly 3 billion years ago and actually survived intact as
part of larger supercontinents until the break-up of Pangaea only 200 million years
ago. The exact distribution of landmasses has an impact on climate trough changes
in the averaged bond albedo of the planet (Rosing et al. 2010; Charnay et al. 2013).
Still, reasonably detailed maps of Earth’s continental distribution are only known
for the past 650 million years (see Figure 1) 1.
While controversial, the first evidence of life is at 3.8 Ga in isotopically light
graphite inclusions in apatite from Greenland (Mojzsis et al. 1996), and most likely
it was non-photosynthetic, although this is still a subject of debate. The earliest pho-
tosynthetic life was probably anoxygenic bacteria like purple bacteria (Xiong et al.
2000; Olson 2006), utilizing reductants such as H2 or H2S instead of water. The
Archean biosphere has been proposed to be a mix of anoxygenic phototrophs and
chemotrophs such as sulfate-reducing bacteria, methanogens, and other anaerobes
(Seckbach and Oren 2010). The former perform photosynthesis requiring a band
gap energy smaller than that needed to split water, such that the photosynthetically
active radiation relevant for anoxygenic photosynthetic bacteria can extend into the
near-infrared to as long as ∼1025 nm (Scheer 2003). Thus, their color is distinctly
different from that of land plants that dominate the Earth today.
The time when microbial mats appeared on the Earth surface is still not clear,
but prior to the evolution of algae and land plants on early Earth, photosynthetic
microbial mats probably were among the major forms of life on our planet. Mi-
crobial mats are found in the fossil record as early as 3.5 billion years ago. Later,
1 REF http://www.scotese.com/
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when advanced plants and animals evolved, extensive microbial mats became rarer,
but they are still presented in our planet in many ecosystems (Seckbach and Oren
2010). Even today, they still persist in special environments such as thermal springs,
high salinity environments, and sulfur springs.
Fig. 2 Visible (left) and near-infrared (right) disk-averaged spectra of the Earth for six different ge-
ological epochs (3.9, 3.5, 2.4, 2.0, 0.8, and 0.3 Ga ago, from top left to bottom right, respectively).
The models focus on planetary environmental characteristics whose resultant spectral features can
be used to imply habitability or the presence of life. These features are generated by H2O, CO2,
CH4 , O2, O3, N2O, and vegetation-like surface albedos. These epochs exhibit a wide range in abun-
dance for these molecules, ranging from a CO2-rich early atmosphere, to a CO2 /CH4-rich atmo-
sphere around 2 billion years ago, to a present-day atmosphere. Adapted from (Kaltenegger et al.
2007)
During the Archean eon, one of the more widespread life forms on the planet
were purple bacteria. These bacteria are photosynthetic microorganisms and can
inhabit both aquatic and terrestrial environments, with several species able to live
in extreme environments. Sanroma´ et al. 2013 used a radiative transfer model of
Earth to simulate the visible and near-IR radiation reflected by our planet, taking
into account several scenarios regarding the possible distribution of purple bacteria
over continents and oceans. They found that purple bacteria have a reflectance spec-
trum which has a strong reflectivity increase, similar to the red-edge of leafy plants,
although shifted redwards. This feature produces a detectable signal in the disk-
averaged spectra of our planet, depending on cloud amount and on purple bacte-
ria concentration/distribution (Figure 3) . They concluded that by using multi-color
photometric observations, it is possible to distinguish between an Archean Earth in
which purple bacteria inhabit vast extensions of the planet, and a present-day Earth
with continents covered by deserts, vegetation or microbial mats. Microbial mats
are multilayered sheets of microorganisms generally composed of both Prokaryotes
and Eukaryotes, being able to reach a thickness of a few centimeters. Parenteau et al.
2015 and Hegde and Kaltenegger 2013 have also looked at other type of microbial
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to produce similar edges. This purple Earth scenario would constitute a biosignature
similar to the present days’ red edge caused by leaf pigmentation.
During the Archean eon, the Sun was about 20% dimmer than it is today (Gough
1981; Bahcall et al. 2001), and the atmospheric composition of our planet was com-
pletely different to that of present day Earth. At this time, the Earth’s atmosphere
was likely dominated by N2, CO2, and water vapor (e.g., Walker 1977; Pinto et al.
1980; Kasting 1993b; Kasting and Brown 1998), with little or no free oxygen (Fig-
ure 2). Methane might have also been present as well, helping in the compensation
for the reduced solar luminosity (e.g., Kiehl and Dickinson 1987; Haqq-Misra et al.
2008) and maintaining habitable conditions in the planetary surface. The high con-
centrations of CH4 at this time would have indicated production by methanogenic
bacteria, but CH4 could have been produced abiotically as well (Des Marais et al.
2002). Thus, observed from an astronomical distance, our planet’s atmospheric
composition would look like a promising place to search for life, but no con-
clusive evidence for life could be deduced from the this bulk composition alone
Reinhard et al. 2017. Perhaps with a very in depth characterization of minor species,
such as organic sulfur gases abundances Domagal-Goldman et al. 2011 one could
detect the life that produces them, but this might have to wait for very future instru-
mentation.
The majority of spectral studies that considered Archean Earth and anoxic plan-
ets atmospheres have not examined hazes (Meadows 2006; Kaltenegger et al. 2007;
Domagal-Goldman et al. 2011) because a haze-rich Archean Earth is expected to be
frozen due to the hazes cooling effects. However, Arney et al. 2016 used a coupled
climate-photochemical-microphysical simulations to show that hazes can cool the
planets surface by about 20 K, but habitable conditions with liquid surface water
could be maintained with a relatively thick haze layer (τ=5 at 200 nm) even with
the fainter young sun. They find that optically thicker hazes are self-limiting due
to their self-shielding properties, preventing catastrophic cooling of the planet, and
could even enhance planetary habitability through UV shielding, reducing surface
UV flux by about 97% compared to a haze-free planet, and potentially allowing sur-
vival of land-based organisms 2.6-2.7 billion years ago. The haze in Archean Earth’s
atmosphere modeled by this researchers was strongly dependent on biologically-
produced methane, and they propose that the broad UV absorption signature pro-
duced by hydrocarbon haze may be a novel type of spectral biosignature on planets
with substantial levels of CO2, although detected alone is not an unambiguous sign
of life.
The Proterozoic (2.5-0.54 Ga ago)
The major, defining, event in the Protezozoic period is the transition to an oxy-
genated atmosphere during the Paleoproterozoic. Though oxygen is believed to have
been released by photosynthesis as far back as Archean Eon, it could not build up
to any significant degree until mineral sinks of unoxidized sulfur and iron had been
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Fig. 3 A model of the disk-averaged spectra of the Purple Earth, with the current continental and
cloud distribution, but the atmospheric composition corresponding to that of the Archean Earth
(3.0 Ga ago). The cloud-free models are shown in the left and the cloudy atmosphere on the right.
Continents are assumed to be deserts, but coastal areas are populated with purple bacteria, while
oceans are a mixture of water and purple bacteria according to the present-day chlorophyll a dis-
tribution. Blue and black models represent whether oceans or continents are predominant from the
observer’s perspective, respectively. Adapted from Sanroma´ et al. 2013.
filled. But O2 alone is not a biosignature. Gebauer et al. (2017) pointed out that dif-
ferent ”states” of O2 could exist for similar biomass output, and that strong geologi-
cal activity could lead to false negatives for life, since reducing gases could remove
O2 and mask its biosphere over a wide range of conditions. Still the presence of O2
(or O3 as a proxy) in combination with large amounts of H2O vapor and CH4 in
the Earth’s atmosphere provides the only true realistic biosignature susceptible to
be used in the search for life on exoplanets, the so called “triple fingerprint.
The appearance of the first advanced single-celled, eukaryotes and multi-cellular
life, roughly coincides with the start of the accumulation of free oxygenAlbani et al.
(2010). The blossoming of eukaryotes such as acritarchs did not preclude the ex-
pansion of cyanobacteria; in fact, stromatolites reached their greatest abundance
and diversity during the Proterozoic, peaking roughly 1200 million years ago Buick
(2010). The development of advanced plants is believed to have taken place on Earth
during the Late Ordovician, about 450 Ma ago, albeit fungi, algae, and lichens may
have greened many land areas before then (Gray et al. 1985).
During the Proterozoic, our planet surface has also been altered by several snow-
ball events (Hoffman et al. 1998). Apart from their impact on the albedo and cli-
mate, the snowball Earth episodes might be linked to life’s evolution. One such
snowball Earth episodes occurred just before the Cambrian explosion. Another,
much earlier and longer snowball episode, the Huronian glaciation, which occurred
2400 to 2100 Ma, may have been triggered by the first appearance of oxygen in the
atmosphere, the ”Great Oxygenation Event.”
The Proterozoic ends with the Cambrian explosion, which opens the Phanero-
zoic.
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The (present Earth)
The present day Earth atmosphere is dominated by N2 at 78% and a large amount of
O2 at 21%. Other atmospheric species likeCH4 orCO2 are well below their previous
historical levels, but they have very strong absorption effects, that on top of making
them excellent greenhouse gases, also makes them detectable in the Earth’s spec-
trum (Figure 2). For the first time in geological history, the globally-integrated spec-
trum of the planet presents a thermodynamical and chemical disequilibrium, which
can be associated to the presence of life (Lovelock 1975; Krissansen-Totton et al.
2016).
The start of the Phanerozoic also coincides with the development of land planets,
giving rise to another detectable signature in the reflectance spectrum. Some authors
have attempted to detect the vegetation red edge through earthshine measurements
(Arnold et al. 2002;Woolf et al. 2002; Seager et al. 2005; Montan˜e´s-Rodrı´guez et al.
2006; Hamdani et al. 2006), and also using simulations (Tinetti et al. 2006a,b; Montan˜e´s-Rodrı´guez et al.
2006). The red edge is characterized by strong absorption in the visible part of the
spectrum due to the presence of chlorophyll, which contrasts with a sharp increase
in reflectance in the NIR due to scattering from the refractive index difference be-
tween cell walls and the surrounding media. This particular signature of vegetation
has been proposed as a possible biosignature in Earth-like planets (e.g., Seager et al.
2005; Montan˜e´s-Rodrı´guez et al. 2006; Kiang et al. 2007a). The possibility of de-
tecting hypothetical alien vegetation on terrestrial planets has also been studied.
Tinetti et al. 2006c explored the detectability of exo-vegetation in a planet orbiting
an M star, on which vegetation photosynthetic pigments might show a shifted red
edge signature, and Kiang et al. 2007b conjectured further about rules for pigments
adaptations to other stellar types.
Photometric color observations of the Earth can also reveal some potentially in-
teresting bioclues. Ford et al. (2001) were the first to point out that the light scat-
tered by a terrestrial planet will vary in intensity and colour as the planet rotates,
and the resulting light curve will contain information about the planets surface and
atmospheric properties. However, when clouds are added the reflected light curve
is not so straightforward to interpret. The real Earth presents a much more muted
light curve due to the smoothing effect of clouds, but the overall albedo is higher
(Palle´ et al. 2008). Clouds are common on the solar system planets, and even on
satellites with dense atmospheres. In fact, clouds are also inferred from observa-
tions of free-floating substellar mass objects (Ackerman and Marley 2001). But on
Earth, clouds are continuously forming and disappearing, covering an average of
about 60% of the Earths surface Rossow et al. (1996). This feature is unique in the
solar system: only the Earth has large-scale cloud patterns that partially cover the
planet and change on timescales comparable to its rotational period. This is be-
cause the temperature and pressure on the Earths surface allow for water to change
phase with relative ease from solid to liquid to gas, providing an excellent bioclue.
Palle´ et al. (2008) found that scattered light observations of the Earth can be used
to accurately identify the rotation period of the Earths surface, because large-scale
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time-averaged cloud patterns are tied to the surface features of Earth, such as conti-
nents and ocean currents.
The identification of the rotation rate of an exoplanet will be important for sev-
eral reasons: to understand the formation mechanisms and dynamical evolution of
extrasolar planetary systems, to recognize exoplanets that have active weather sys-
tems, and even to suggest the presence of a significant magnetic field. Furthermore,
if the rotation period of an Earth-like planet can be determined accurately, one can
then fold time series of photometric or spectroscopic observations to study regional
properties of the planets surface and/or atmosphere, improving our sensitivity to
detect localized biosignatures.
Based on the Earth case, in the last few years there have been detailed litera-
ture works developing complex deconvolution techniques to identify surface fea-
tures such as oceans and continents on exoplanets, and studying the possibility of
reconstructing longitudinally averaged surface and albedo maps of a planet’s sur-
face (Kawahara and Fujii 2010, 2011; Fujii and Kawahara 2012; Cowan et al. 2011;
Robinson et al. 2011; Fujii et al. 2013).
Observations of the Earth’s reflected/emitted light at ultraviolet, visible and in-
frared wavelengths have been scrutinized in in search for all possible biosignatures
(Woolf et al. 2002; Qiu et al. 2003; Palle´ et al. 2003; Palle et al. 2004; Turnbull et al.
2006; Palle´ et al. 2009; Hamdani et al. 2006) and to determine the possibility of
classifying the earth’s colors (Crow et al. 2011). Even the use of linear polarization
and spectro-polarimetry has been studied as a means to detect clouds and biosigna-
tures (Sterzik et al. 2012; Miles-Pa´ez et al. 2014). A review of the present day Earth
seen as an exoplanet can be found at Va´zquez et al. (2010b), and a thorough review
of Earth’s biosignatures can be found in Des Marais et al. 2002. Still, most of these
features remain only a future possibility, way below the technical capabilities of
future ground and space instrumentation.
The Future
The presence of life on Earth is intrinsically tied with the stability and long-term
evolution of the Sun. But inevitably with time the Sun will continue its evolution to-
ward the Red Giant phase, and in this process the Earth will slowly loose it’s capabil-
ity to sustain life and might even disappear engulfed by its parent star. According to
O’Malley-James et al. 2013, the Earth’s surface will become largely uninhabitable
between 1.2 - 1.85 Ga from present, depending on latitude, which is consistent with
previous estimates of 1.75 Ga for Earth’s habitable lifetime by (Rushby et al. 2013).
In O’Malley-James et al. 2013 potential refuge environments in the subsurface and
at high altitudes are discussed, which could enable a biosphere to exist for up to
2.8 Ga from the present. Such a biosphere would favour unicellular, anaerobic or-
ganisms with a tolerance for one or more extreme conditions. O’Malley-James et al.
2014 evaluated the productivity of the biosphere during different stages of biosphere
decline between 1 Ga and 2.8 Ga from present, using a simple atmosphere-biosphere
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interaction model to estimate the atmospheric biosignature gas abundances at each
stage and to assess the likelihood of remotely detecting them. Over that period,
there is a rapid disappearance of CO2 and O2 (and CO and O3) following the onset
of runaway ocean evaporation, and an associated increase in H2 flux from increased
photo-dissociation. A large increase in CH4 is associated with the decay of organic
matter for the extreme case of rapid extinction.
The role of Intelligence
The previous section analyzed the scenarios of natural environmental conditions as-
sociated only to the physical evolution of the Sun and Earth system. However, this
scenario can change substantially if our planet is able to sustain an intelligent species
over geological time scales. Several researchers have already indicated that biosig-
natures of intelligent/technological species, or technosignatures, can be searched
for in exoplanet atmospheres or the planet surroundings. These would include: the
search for technological albedo edges, such as that of silicon which might arise from
extensive photovoltaic arrays in the planetary surface (Lingam and Loeb 2017), the
search for artificial structures or estrange transit shapes (Wright and Sigurdsson
2016), or the detecion of artifical components in the atmosphere (Schneider et al.
2010), among others.
While dealing with present day climate change, the concept of geo-engineering
is already being developped (Govindasamy and Caldeira 2000). While this is an
option that does not currently count with general support, it will probably become
a must for the species to survive in the same planet on Ga time scales. Thus, major
geo-engineering may be seen in inhabited old planets. For example, a measurement
that we might sought include the detection of an unexpectedly large albedo on an
Earth-like planet around a red giant, or the detection of artificial components in its
atmosphere, such as CFCs in our own atmosphere.
Table 1 Large-scale major detectable biosignatures across time.
Biosignatures Bioclues
Epoch Atmospheric Surface
Hadean – – –
Archean – Bacterial edges H2O, CH4, Clouds, Haze periods
Proterozoic Triple fingerprint Bacterial/Red
edges
H2O, CH4, Clouds
Phanerozoic Triple fingerprint Red edge H2O, CH4, Clouds
Future – – H2O, CH4, Clouds,
Future (+intelli-
gence)
Triple fingerprint Red edge H2O, CH4 , Clouds, Albedo, Techosigna-
tures
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The path to finding life in the galaxy
One needs to use great caution when trying to predict how to best undertake the
search for life in our galaxy, as we are probably going to face unexpected realities.
The discovery of exoplanets has revealed a much richer variety of planetary types
and planetary system architectures than previously thought. It is possible that all life
in those planets is very similar to that of Earth, that there is an enormous diversity
we are not yet prepared to grasp, or that life is indeed rare, which will make it very
difficult to find. Still, we are at the infancy of our search and, at the risk of initially
missing parts of the picture, we need to start with some know facts, by taking the
Earth as a benchmark for our efforts.
Fig. 4 Major detectable atmospheric and surface bioclues and biosignatures along Earth’s past,
present and future history. The top panel indicates the timeline from Earth’s formation into the
future, with the geological eons and major events indicated. The several horizontal bars indicate
over which period in time a bioclue or a bioignature can be detectable (green) in the globally-
averaged spectrum of the Earth or not (red). The vertical dotted line marks the present Earth.
It is here useful to make a distinction between what constitutes a ‘bioclue” and
what is a proper biosignature. I use the term bioclue for each piece of information
that reveals that the planet might be inhabited, but is not a definitive signs of life. A
bioclue for example is the detection of water vapor in the planet’s atmosphere, the
detection of continental or cloud patters, or even the detection of oxygen, all steps in
the right direction, but without offering final probe of life’s existence. In Table 1 we
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summarize the major observable bioclues and biosignatures at each geological time
on Earth. Many biosignatures have been proposed in the literature, from detection
of atmospheric species with only trace amounts to detecting circular polarimetry
from biota, but realistically there are very little chances to detect such signatures
for many decades to come. So I considered here only those that imply a world-
wide signal and have a chance of detection in the next 20-50 years with currently
proposed instrumentation and techniques. Figure 4 summarizes the detectability of
each biosignatures along time.
Table 1 and Figure 4 do not give us a very optimistic framework for the search of
life. Over all Earth’s history, only during the Phanerozoic and part of the Proterozoic
there is a true biosignature detectable in the Earth’s spectrum. This is the ”triple
fingerprint” or the disequilibrium marked by the simultaneous presence of O2, H2O
andCH4 (orCO2). This means that for about 3/4 of the Earth’s history, depite being
inhabited, life could not have been detected from an astronomical distance. Perhaps
with a much advanced technology, in lack of O2, the presence of H2O and CH4
combinedwith a statistically significant reflectance edge from surface bacteria could
lead to a very high probability scenario for the presence of life, but even this scenario
is limited to 2/3 of Earth’s history. Several bioclues however, like the presence of
H2O, clouds or CH4 are present for most of Earth’s history. This means that even
if life is a widespread phenomena in our galaxy, detecting it will likely involve a
search over numerous targets before a tentative detection can be done.
Thus the future scenario for life detection might consist in accumulating a se-
ries of bioclues from a range of astronomical observations and instruments, starting
from the planet being in the habitable zone, with which a statistical likelihood of
inhabitability of the planet is established. The final detection of the biosignatures
will probably need a dedicated mission(s) or instrument(s) for the detailed study of
a handful of the most promising targets.
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